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 Actively growing plant organs such as shoot, hypocotyl, inflorescence stem, 
tendril, and root often exhibit helical and spiral movements called circumnutation. The 
circumnutational movement trajectory, shape, direction, and temporal characteristics 
differ among plant species and organs (Darwin and Darwin 1881; Israelsson and 
Johnsson 1967). Circumnutation is believed to enable escape from environmental 
stresses or attraction toward suitable environmental cues. Although its mechanism is 
still unknown, it has been proposed that gravitropic response affects circumnutations.  
Kitazawa et al. (2005) reported that shoots of a weeping mutant of Japanese 
morning glory, weeping1 (we1), exhibited agravitropism due to a mutation in the 
PnSCR gene that is crucial for differentiation of gravisensing endodermal cells. They 
demonstrated that we1 shoots were impaired in circumnutation due to their inability to 
sense gravity. They also determined that another weeping mutant of morning glory, 
weeping2 (we2), had a similar phenotype as we1. The we2 phenotype resulted from a 
mutation in PnSHR1, which functions upstream of PnSCR and regulates endodermal 
cell differentiation (Kitazawa et al., 2008). Shoots of a gravitropism-defective 
Arabidopsis thaliana mutant display reduced or an altered circumnutation (Hatakeda 
et al., 2003; Kitazawa et al., 2005). Coleoptiles of a rice mutant, lazy1, are impaired in 
circumnutation and gravitropic response, which suggests that LAZY1-dependent 
gravity signaling is required for circumnutation (Yoshihara and Iino, 2007). The studies 
of agravitropic morning glory, Arabidopsis, and rice mutants suggest that shoot 
circumnutation depends on the gravitropic response. However, it is still unknown how 
the process of gravitropic response is involved in circumnutation.  
Some parameters of shoot and root gravitropic responses differ, which opens a 
question of whether gravitropic responses have similar roles in shoot and root 
circumnutation. For example, the gravisensing apparatus of shoots and roots is 
localized in endodermal and columella cells, respectively. Endodermal cells are 
included in the gravitropically bending region of shoots, whereas gravisensing 
columella cells are spatially separate from the bending region of roots (Fukaki et al., 
1998; Chen et al., 1999). The mechanism of shoot gravitropism is independent from 
that of root gravitropism; they are genetically separable because some shoot 
gravitropism-defective mutants exhibit normal root gravitropism. Therefore, it is 
essential to understand the relationship between circumnutation and gravitropic 
response in roots. Currently, there are no reports on circumnutation in 
gravitropism-defective roots. 
To understand the relationship between circumnutation and gravitropic 
response in plant organs, in this study I analyzed circumnutations in roots of pea 
seedlings (Pisum sativum) and in hypocotyls and inflorescence stems of Arabidopsis 
(Arabidopsis thaliana) with agravitropic mutants. I used pea roots for this study 
because there was a technical problem in establishing an experimental system for 
observing circumnutational movements in Arabidopsis roots. In addition, my study 
emphasized the involvement of auxin in circumnutation because it is a regulator 
important for gravitropism in plants. 
An experimental system for observing pea seedling root movements were 
established. To assess the role of gravitropic response in the root circumnutation, I 
evaluated gravitropic responses and circumnutations using the following experiments. 
First, circumnutation and gravitropism of wild-type pea (cv. Alaska) seedling roots 
were compared with those of an agravitropic pea (ageotropum) mutant. Second, the 
root caps were removed from wild-type pea roots to attenuate the gravitropic 
response, and its effect on root circumnutation was examined. Third, wild-type pea 
roots were treated with auxin transport inhibitors, 2,3,5-triiodobenzoic acid (TIBA) and 
N-1-naphthylphthalamic acid (NPA), that also inhibit gravitropism, and subsequent 
circumnutational movements were examined.  
Alaska roots exhibited a complete gravitropic response within 4 h in response 
to gravistimulation, whereas the ageotropum mutant roots did not exhibit a gravitropic 
response. When viewed from the side, Alaska roots showed semi-sinusoidal patterns. 
By contrast, ageotropum roots exhibited distinctly irregular movement. When viewed 
from underneath, Alaska roots displayed circular movements, whereas ageotropum 
roots did not display clearly circular movements. These observations suggested that 
the semi-sinusoidal movements of wild-type roots were circumnutation, but the 
irregular movements of ageotropum roots were defective. These results confirmed 
that wild-type roots displayed normal gravitropic responses with regular 
circumnutational movement, whereas agravitropic mutant roots lacked both 
gravitropic responses and circumnutation.  
Gravisensing apparatus is located in the root cap, and gravitropic bending 
occurs in the root elongation zone (Juniper et al., 1966; Pilet, 1971; Takahashi et al., 
2009). Therefore, I removed root-cap cells of Alaska roots by surgical de-tipping and 
examined whether gravisensing root-cap tissue is required for normal circumnutation 
in Alaska pea roots. Intact roots that showed normal gravitropism exhibited obviously 
and continually rhythmic oscillations for 24 h, whereas de-tipped roots significantly 
reduced gravitropic curvature and displayed reduced oscillations with smaller 
amplitudes and prolonged period. These oscillations were confirmed to be circular in 
intact Alaska roots when viewed from the bottom, but no circular movements were 
observed in surgically de-tipped Alaska roots. These results suggested that removal 
of root-cap tissue was inhibitory to both gravitropism and circumnutation. 
Auxin is a key regulator of gravity-mediated plant morphogenesis (Muday, 
2001; Takahashi et al., 2009). Gravity-regulated auxin transport is hypothesized to 
mediate auxin distribution asymmetry, which ultimately causes gravitropic bending in 
plant organs. The administration of auxin transport inhibitors attenuates gravitropic 
bending. Auxin transport inhibitors also disrupt shoot circumnutation (Britz and 
Galston, 1983; Hatakeda et al., 2003). To understand the role of auxin in root 
circumnutation and the relationship of gravitropism with circumnutation, I examined 
the effects of auxin transport inhibitors on root circumnutation. I used the auxin 
transport inhibitors TIBA and NPA at two different concentrations. Both inhibitors 
slightly reduced root elongation at concentrations of 5 μM, but not at 1 μM. Both 
concentrations of TIBA and NPA inhibited the oscillations as well as gravitropic 
response. The number of oscillations, amplitude and period were significantly affected 
by TIBA and NPA at both concentrations. The reduced oscillations due to TIBA or NPA, 
however, did not form circular movements in Alaska roots, although circumnutation 
was distinct in the control roots. These results indicated that TIBA and NPA reduced 
circumnutational oscillations, which suggested that auxin transport is involved in 
circumnutation. These studies suggest that circumnutation in pea seedling roots is 
coupled to a gravitropic process via auxin-dependent pathway. I also showed that 
auxin had a key role in gravity-regulated root circumnutation. I propose a working 
hypothesis on the relationship between gravitropism and circumnutation in roots. 
Graviperception by the gravisensing columella cells in the root cap modulates auxin 
transport, which could regulate both gravitropism and circumnutation. 
Gravity-mediated auxin dynamics could be modified by an unknown factor required 
for the induction of periodic waving of auxin flow. Alternatively, the auxin transport 
pathway regulated by the unknown factor could be independent from the 
gravity-induced auxin transport pathway. It could be possible that gravitropic bending 
stimulates an unknown process that regulates circumnutation and modifies auxin 
dynamics. 
Hypocotyl and inflorescence stem circumnutations were investigated with 
agravitropic mutants and auxin-related mutants of Arabidopsis. In hypocotyls and 
inflorescence stems of agravitropic mutants, circumnutations were shown, although 
their amplitudes remarkably decreased and periods shortened, compared to those of 
wild type. These results implied that graviperception in gravitropic response does not 
act as the circumnutational oscillator, however graviresponse by graviperception will 
be related to the control of circumnutation parameters like amplitude and period. In 
addition, as results of auxin-related mutants, it is considered that auxin play a role in 
circumnutation and PIN-mediated auxin transport also participates in the regulation of 
circumnutation. 
Taken together, this study suggested that 1) the gravity-regulated auxin 
transport is required for circumnutation in roots, 2) the graviresponse is required for 
full circumnutation but not for its initiation in stems, 3) the PIN-mediated auxin 
transport plays an important role, either dependently or independently of 
graviresponse, in stem circumnutation, and 4) the dependency of circumnutation on 
graviresponse could differ among not only plant organs but also plant species. 
